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Introduction
In recent years there has been growing interest in how amino acids and nucleobases, the constituents of biological compounds, interact with inorganic matter. Though these molecules are simple in the biological sense, they are comparatively complex for quantitative surface structural investigations. However, the elemental and chemical-state specificity of scanned-energy mode photoelectron diffraction (PhD) [1, 2] , combined with its essentially local character, make it wellsuited to investigating such systems. On the Cu(110) surface, PhD has already been used to determine the adsorption geometry of the simple amino acids glycine [3, 4] and alanine [5] , and two of the pyrimidine nucleobases, cytosine [6] and thymine [7 There have been rather few studies of uracil adsorption at surfaces at the solidvacuum interface although the gold/uracil system has attracted significant interest in model electrochemical studies of nucleobase/metal surface interactions. At different applied potentials both physisorbed and chemisorbed species have been proposed, but while there have been several investigations using in situ STM (scanning tunnelling microscopy), no significant information regarding the adsorption geometry at the interface has emerged from most of these studies.
However, while much of this work has been reviewed by Li et al. [ ]. In all four cases the molecules adsorb through their nitrogen and oxygen constituent atoms, which are singly-coordinated to surface Cu atoms. In the case of the thymine, a molecule that closely resembles uracil, the subject of this study (see Fig. 1 ), the molecule adsorbs through the two carbonyl oxygen atoms and the deprotonated nitrogen (N(3)) atom between them -with all three atoms in local near-atop sites.
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At the solid-vacuum interface there have been a few studies of the system ], these authors, through the combination of STM and infrared spectroscopy, did identify a chemisorbed phase in which they concluded that uracil bonds through the N(3) atom ( Fig. 1 ) and the two adjacent O atoms with its molecular plane perpendicular to the surface. This geometry is similar to the Cu(110)/thymine structure referred to above, and is also consistent with our findings for Cu(110)/uracil reported here.
The exact location of the chemisorbed uracil on the Au(111) surface was not, however, identified. studied here, uracil adsorption on Cu(110), but little resulting structural information. A brief report of a STM investigation of this system remarks only on the adsorbate-induced surface faceting that occurs at elevated temperatures [9] .
Some limited structural information is provided by ARUPS (angle-resolved ultraviolet photoemission spectroscopy) data, which indicate that the molecular plane lies perpendicular to the surface, orientated along one of the substrate mirror symmetry planes [10] . A density functional theory (DFT) calculation of Cu-uracil complexes finds Cu-O bonding to be preferred over Cu-N bonding, with Cu-N and Cu-O bondlengths in the ranges 1.98-2.16Å and 1.88-2.07Å, respectively, depending on the ionisation state of the complex [11 ] . Here we show that application of the PhD technique to this adsorption system provides a rather complete picture of the local adsorption geometry, and allows us to compare the solution with that of related molecules on Cu surfaces.
Experimental details
The experiments were conducted in an ultra-high vacuum surface science endstation equipped with typical facilities for sample cleaning, heating and cooling.
This instrument was installed on the UE56/2-PGM-2 beam line of BESSY-II, which comprised a 56 mm period undulator followed by a plane grating monochromator [12 A clean, well-ordered Cu(110) surface was prepared from an oriented and ]. The sample could be rotated about its surface normal (to change the azimuthal angle) and about its vertical axis (to change the polar angle), allowing (simultaneous) variation of incidence and electron collection directions.
Sample characterisation in situ was achieved by LEED (low energy electron diffraction), and by SXPS (soft X-ray photoemission spectroscopy) using the incident synchrotron radiation. The SXPS, NEXAFS (near-edge X-ray absorption fine structure) and PhD measurements were obtained using an Omicron EA-125HR 125 mm mean-radius hemispherical electrostatic analyser. The analyser was equipped with seven-channeltron parallel detection, and was mounted at a fixed angle of 60° to the incident radiation, in the same horizontal plane as that of the polarisation vector of the radiation.
polished crystal slice by the usual combination of Ar ion bombardment and brief annealing to 800 K, to give a sharp (1x1) LEED pattern and a SXP spectrum devoid of impurities. Uracil powder of 99+% purity was obtained from Alfa Aesar. During sample dosing the uracil was heated to 575 K, while the substrate was kept at room temperature. No ordered overlayer was observed by LEED.
Based on a comparison of the O 1s and Cu 2p photoemission intensity ratio obtained from a Cu(110)(2x1)-O surface the uracil coverage of the surface studied was ~0.25 ML.
The PhD modulation spectra were obtained by measuring photoelectron energy distribution curves (EDCs) of the O 1s and N 1s peaks, at 4 eV steps in photon energy, over the photoelectron kinetic energy range of 50-350 eV, for a number of different polar emission angles, θ, in the [001] and [110] azimuths. These data were processed following our general PhD methodology (e.g. [1, 2] ) in which the The O K-edge NEXAFS spectra are shown in Fig. 3 for polar incidence angles of 0° (normal incidence) and 60°, corresponding to values of the angle θ p between the principal polarisation vector E and the surface normal of 90° and 30°; these spectra were recorded in each of the two principal azimuths from uracil on Cu(110), after dosing at room temperature. In this case, too, the uracil data are closely similar to those reported for thymine on Cu(110) by Allegretti et al. [7] and Furukawa et al. [13] , indicating that the orientation of the uracil and thymine molecules on Cu(110) are similar. The spectra are dominated by two features, namely a sharp doublet feature at the absorption edge, and a broader feature at higher energy. The sharp doublet feature is assigned to transitions from the O 1s state to the π * C=O antibonding states; the cross-section for this transition is highest when the polarisation vector of the incident radiation lies perpendicular to the molecular plane, so the fact that this feature is strongest for normal incidence (Evector parallel to the surface) with the E-vector lying along [001] indicates that the molecular plane is approximately perpendicular to the surface and lies within the [110] azimuth. The angular dependence of the higher-energy peak, assigned to excitations to the σ * C=O resonance for which the cross-section is highest when the polarisation vector is parallel to the molecular plane, is consistent with this interpretation. Notice, though, that the fact that the π * C=O resonance peak does not vanish for normal incidence with the E-vector lying along [110] , and that the σ * C=O resonance does not vanish for normal incidence with the E-vector lying along
[001] may indicate that there is some twist and tilt of the molecule relative to this ideal high-symmetry orientation. These residual features, however, may also be attributed to the fact that the incident radiation is not 100% linearly polarised.
A more quantitative estimate of the molecular orientation can be achieved by noting that the intensity of the π * C=O resonance peak must vary as the square of the cosine of the angle between the E vector of the incident radiation and the final state π-orbital [16] . In order to obtain this information the four NEXAFS spectra shown in Fig. 3 were therefore fitted with the sum of a sloping background, a step function, and five Gaussian peaks. Two identical Gaussian functions were used to fit the sharp π doublet feature, and three different Gaussian functions were fitted to the broad σ features. Fitting the σ-resonance region of NEXAFS spectra by multiple peaks is of questionable physical significance, but provides a convenient means to achieve more meaningful fits to the much sharper π-resonance peaks; it is the polarisation-angle dependence of only these sharper peaks that we use to extract the molecular orientation. The ratios of the intensities of the doublet features for the four spectra, normalised by the height of the step function, were then used to determine the tilt of the molecule with respect to the surface normal (Θ) and the twist of the molecule with respect to the [110] direction of the surface (φ). The two angles were determined to be 10±15
• and 15±15
• respectively. Note that for these calculations the degree of polarisation was assumed to be 90%, as reported for this beamline [6] .
The doublet character of the π * C=O resonance seen here is also a feature of the NEXAFS spectra of thymine. It has been seen for thymine adsorbed on Cu (110) in a partially deprotonated form [7, 13] , but also in deposited thin films of both thymine and uracil [17 17 ]. The doublet has been interpreted as indicative of the inequivalence of the two carbonyl species, resulting from the different environment within the molecular ring occupied by the C(2) and C(4) atoms; as such it is believed to be a feature of the localised NEXAFS final state. This interpretation is consistent with the fact that there is no evidence in any of these studies of a similar spectral splitting in the O 1s SXPS data for which the final state is delocalised in the continuum. Fuji et al [ ] actually assign the lower and higher energy π-resonances to the O(7) and O(8) atoms, respectively, but do not explain this assignment. Why the relative intensities of the two components of the doublet should appears to be weakly dependent on the polarisation direction of the incident radiation is unclear, but exactly the same effect is seen in the data recorded from thymine on Cu(110) [7, 13] .
Qualitative analysis of the PhD data
In order to gain quantitative structural information from PhD data it is necessary to compare the experimental spectra with the results of simulations based on realistic multiple scattering calculations for a series of model trial structures, adjusting these structures until a good fit is achieved. However, some aspects of the most probable structures can often be obtained from an inspection of the experimental data. In particular, if a measurement is made in an emission direction such that there is a strongly-scattering nearest neighbour atom in a 180
• backscattering position, with respect to the emitter atom and the detector, then the PhD spectrum is commonly dominated by a singular periodicity (in electron momentum) with a relatively long period, corresponding to the (short) scattering path-length difference from this one neighbour [1, 2] . Figure 4 shows a comparison of the PhD spectra from both the lower and higher binding energy N 1s peaks seen in Fig. 2 A coadsorbed component of this type is not expected to form strong (short) bonds to the Cu surface, so emission from this species is unlikely to contribute significantly to the observed PhD modulations and will not, of course, have any influence on the PhD spectra from the lower binding energy (deprotonated) N 1s component; it is therefore not considered further in our analysis. The presence of a possible weakly-coadsorbed species of this type was deemed to be preferable to a fractional coadsorbate coverage of the fully deprotonated species that is produced by partial annealing.
The PhD spectra of Fig. 4 from the lower binding energy N 1s peak show significantly stronger modulations than those from the higher binding energy peak, while the strongest modulations for both this N 1s component, and O 1s peak, occur at angles close to normal emission. These dominant long period modulations strongly suggest that both the nitrogen emitter atom with the lower 1s binding energy (attributed on the basis of the SXPS to a deprotonated N in the uracil ring), and at least one of the two oxygen emitter atoms, are sufficiently close to the substrate to be involved in the molecule/surface bonding. Furthermore, we may infer that all these bonding atoms are in atop or near-atop sites. The close similarity of the energies of the main maxima in the normal emission O 1s and (bonding) N 1s PhD spectra also indicates that the Cu-O and Cu-N bondlengths must be quite similar. The fact that the O 1s modulation amplitudes are significantly weaker than those of the N 1s emission could be indicative of either one of two alternative scenarios. One is that only one of the oxygen atoms is bonding to the surface while the other is much further from the surface and thus contributes very little to the PhD modulations due to the weak scattering of the more distant Cu atoms.
Alternatively, both oxygen atoms may bond to the surface but either occupy slightly different sites such that their PhD modulations are slightly out of phase, or occupy similar sites that are further displaced from the most symmetric atop sites than those occupied by the bonding nitrogen atom.
The fact that the SXPS shows only a single O 1s peak strongly suggests that the two O atoms have similar bonding environments, favouring a structure in which the uracil bonds to the surface through both O atoms and the (deprotonated) N(3) atom that lies between them. This would also be consistent with the structure found for thymine on Cu(110). On the basis of the preliminary evaluation of our data, however, we cannot formally exclude the possibility that uracil bonds to the surface through only one (O(8)) oxygen atom and the (deprotonated) N(1) atom. Both basic structural models of the uracil/Cu bonding have therefore been explored in our quantitative evaluation of the PhD spectra, as described below.
Quantitative analysis of the PhD data
In order to achieve a proper quantitative analysis of the PhD data, multiple scattering simulations for different structural models were performed using the computer codes developed by Fritzsche [18, 19, 20 1 ] . These are based on the expansion of the final state wave-function into a sum over all scattering pathways that the electron can take from the emitter atom to the detector outside the sample. The level of agreement between the theoretical and experimental modulation amplitudes is quantified using an objective reliability factor (Rfactor) [ , 2] defined and used in a fashion closely similar to that proposed by Pendry for quantitative LEED studies [21] . This R-factor is defined such that a value of 0 corresponds to perfect agreement, and a value of 1 to uncorrelated data.
The lowest value achievable in practice depends on the complexity of the structure and the amplitude of the modulations, but typically falls in the range 0.2-0. 4 . Structural models first were tested using a grid-search of structural parameter values. However, due to the large number of structural parameters (creating a multidimensional hyperspace), and inevitable existence of multiple local minima, a heuristic global search algorithm ('particle swarm optimisation') proved to be more fruitful [22] . Having located global minima by this approach, an adapted Newton-Gauss algorithm was used to further optimise the structures. In order to estimate the errors associated with the individual structural parameters, we define a variance of the minimum value of the R-factor associated with a best-fit structure, R min, [23 For both the basic models (substrate bonding through the N(1) and O (8) shown in Fig. 4 , and the global R-factor for these eleven spectra was the parameter minimised in the fitting procedure.. 
General discussion and conclusions
The combination of O 1s and N 1s PhD data, O K-edge NEXAFS, and O 1s
and N 1s SXP spectra have provided a clear picture of the structure of uracil chemisorbed on Cu(110), with bonding via both of its oxygen atoms and the N (3) nitrogen atom between, all three of these atoms occupying singly-coordinated off-atop sites relative to nearest-neighbour surface Cu atoms. Perhaps unsurprisingly, this bonding geometry is essentially identical to that of the closely-related thymine species on the same surface. Table 1 shows that the adsorption geometry and chemisorption bondlengths are almost all equivalent to within the precision limits. The one exception is that one of the Cu-O bondlengths is slightly longer for thymine than for uracil, though it is possible this difference stems from slightly different constraints in atom movements allowed in the final refinement of the two structures.
The determined Cu-O (1.93±0.04Å and 1.96±0.04Å) and Cu-N (1.96±0.04Å) bondlengths found for adsorbed uracil are also similar to those for adsorbed cytosine as shown in Table 1 ]. Moreover, to obtain N(3) regioselectivity it is generally necessary to have a protecting group on the N(1) atom [ , 37, 38] . It has also been shown that in the gas phase the enthalpy of dehydrogenation of these two N atoms differs by ∼ 0.4 eV, though in polar environments the difference is significantly smaller [39 ] . At the Cu (110) surface it is evidently the interaction with the N(3) atom that proves to be preferred, but for steric reasons this necessarily also involve interaction of the surface with both O atoms. Table 1 ). H atoms are omitted from this figure as the results presented here provide no direct information on the location of these atoms. Carbon atoms are coloured pink, oxygen atoms are red, and nitrogen atoms are shown in blue.
